The sensing range of Brillouin distributed fiber sensors (BDFS) is typically in the order of tens of kilometers due to the attenuation of the optical fiber and restricted input pump power. This limits the use of BDFS in certain long range applications such as oil and gas pipeline monitoring; where maintenance and safety monitoring requires sensing lengths up to hundreds of kilometers. This deterioration in the sensing performance cannot be counteracted by indefinitely increasing the pump power injected into the sensing fiber; as nonlinear effects such as modulation instability, self-phase modulation, and significant pump depletion occurs within the sensing fiber. In this paper, we demonstrate an extended sensing range system for pipeline monitoring using Brillouin optical time domain reflectometry (BOTDR) combined with Raman amplification and inline erbium-doped fiber amplifier (EDFA). Variations in pump light power, propagation direction, and injection location are explored to allow full control over the signal amplification in any particular section of the total sensing fiber length. Thus, the signal-to-noise ratio (SNR) for a certain location along the length of the fiber can be enhanced to provide more useful localized information. By using a continuous wave 1480nm Raman laser, and 980nm-pumped inline EDFA, the proposed system is theoretically validated over 150 km sensing fiber.
INTRODUCTION
In general, the optical fiber core material is not completely homogeneous throughout the fiber length. When a light wave propagates into the fiber, due to core density fluctuations, impurities, thermal and acoustic vibrations, part of the light experiences the scattering effect. Therefore, the scattering effect is always present in optical fibers, no fiber is free from microscopic defects. Brillouin scattering arises from the interaction of light with propagation density fluctuations or acoustic phonons within the fibre. The interaction of input photons and acoustic phonons results in a frequency shift of Brillouin scattering, which is approximately 11 GHz for a single-mode silica fiber at 1550 nm wavelength [1] . The dependence of the Brillouin frequency along the fiber distance is the basis for the distributed strain and/or temperature measurement. For measuring distributed strain and temperature, two Brillouin-based techniques are widely used; the Brillouin optical time domain reflectometry (BOTDR) [2] based on spontaneous Brillouin scattering (SpBS) and Brillouin optical time domain analysis (BOTDA) [3] based on stimulated Brillouin scattering (SBS).
In Brillouin based distributed fiber sensors, the strength of the backscattered signal is proportional to the input pump pulse energy. The pulse energy depends on the pulse width, but the desired spatial resolution limits the pulse width, which is 10 ns corresponding to 1 m spatial resolution. The maximum launched pump power is governed by the onset of non-negligible nonlinear effects. The nonlinear effects influence to distort the pump pulse spectral profile along the fiber distance. The potential nonlinear effects in BOTDR system are SBS, modulation instability and self-phase modulation.
These unwanted nonlinear effects result in a rapid depletion of the pump power, thus limiting the sensing performance [4] . In order to avoid such nonlinear effects, the pump power should be below the certain nonlinear threshold. Considering the input pump power limitation, thus limited sensing range, in this paper we proposed a hybrid amplification using Raman and inline erbium-doped fiber amplifier (EDFA).
OPERATING PRINCIPLE OF BOTDR SYSTEM
The schematic representation of the heterodyne BOTDR system is illustrated in Figure 1 . The major advantage of the BOTDR system, it requires access to the only one end of the sensing fiber with a simple implementation. A narrow linewidth laser source is split into two propagation paths, the upper path used to generate pump pulses and lower path is used for an LO signal. The electro-optic modulator (EOM) modulates the electrical pulses into optical pulses at a required pulse width. The pump light propagates through the circulator port 1 to 2, while port 3 collects the backscattered signal. A heterodyne detection technique is used, where LO signal mixed with a backscattered signal to get the beat Brillouin signal. Then, the signal is detected and analyzed by an electrical spectrum analyzer. The relation of Brillouin frequency shift and corresponding derivatives can be written as [5] , 2 ,
where B v is the Brillouin frequency shift, n is the refractive index, a v is the acoustic velocity, λ p is the pump wavelength, C ε and T C are the strain and temperature coefficients, respectively. These coefficients depend on the fiber configuration and its material doping concentration. The typical values of strain and temperature coefficients for silica single-mode fiber are 0.05 MHZ/µɛ and 1.1 MHz/ o C, respectively [6] . The Brillouin frequency shift influenced by both refractive index and the acoustic velocity of the fiber and it changes linearly with the strain and temperature variations. However, it is the contribution from the variation of acoustic velocity that dominates the resultant Brillouin scattering. If the fiber strain remains constant, the change in Brillouin frequency shift can be directly transformed into a temperature change, alternatively, the change in Brillouin frequency shift provides a change in strain. Therefore, the BFS is enable to detect both strain and temperature for a wide range of sensing applications. However, the change in Brillouin frequency shift ( )
v and Brillouin power ( ) Δ B P are both linearly dependent on the strain and temperature, this makes the discriminative measurement along the fiber is possible by using the following matrix [7] , respectively for a silica SMF at 1550 nm pump wavelength.
In order to compensate the fiber loss, distributed Raman amplification technique has been adopted to enhance the sensing range. Raman amplification is based on the stimulated Raman scattering, and amplifies the signal within the Raman gain bandwidth. The schematic and graphical representation of distributed Raman amplification is illustrated in Figure 2 . Stimulated Raman scattering spectrum can be generated in the fiber by pumping the signal at a 1450 nm pump wavelength. The Raman scattering produces a broadband spectrum of ~7 THz, which is downshifted by ~13 THz with respect to the Raman pump. Therefore, the efficient gain can be achieve at a 1550 nm wavelength and the Brillouin pump and Brillouin scattered signals are within the Raman gain spectrum. The Raman and pump signals couple using wavelength division multiplexer (WDM). The Raman laser can be configured in three different configurations; Forward direction, backward direction and both forward and backward directions. The Raman gain can be derived from the coupled power equations by,
where P, α and λ are the optical power, fiber attenuation and wavelength, respectively. The subscripts p and s represents to the pump and Stokes signals. A eff and g r are the fiber affective area and Raman gain coefficient, respectively. Assuming that the P p >> P s , Raman signal gain can be approximated analytically from the coupled power equations (5) and (6) given by,
where L eff is the effective fiber length. K is the polarization factor. In distributed fiber sensor system, the Raman amplification can be explored in three different configurations; co-propagating, counter-propagating and bi-directional pumping with respect to Brillouin pump. 
RESULTS DISCUSSIONS
A numerical simulation is performed for BODTR system with Raman amplification (both forward and bi-directional configurations) and inline EDFA amplification using 150 km sensing fiber. In the simulation, the Raman pump power of 25 dBm at 1450 nm and Brillouin pump power of 18 dBm at 1550 nm wavelength and the values are defined in Table 1 are used for the simulation analysis. Figure 3 illustrates the power distribution of Raman pump (both forward and bidirectional), Brillouin Stokes trace with forward and bi-directional Raman pump. In order to further enhance the backscattered Brillouin power, an inline EDFA has been employed at a distance of 100 km with an output power of 18 dBm. The backscattered Brillouin power distribution with hybrid amplification is illustrated in Figure 4 . The experimental setup of BOTDR system with distributed Raman amplification and inline EDFA is illustrated in Figure  5 . The DFB laser at 1550 nm is split into two propagation paths using a 50/50 coupler. The upper branch is modulated with a Mach-Zehnder modulator (MZM), driven by a pulse generator, which modulates the electrical pulses into optical pulses. The polarization controller (PC) is employed at the input of the MZM to obtain the maximum optical power at the output of the MZM. Subsequently, the output signal is amplified by an EDFA. A band-pass filter is used to eliminate the amplified stimulated emission (ASE) noise from the EDFA. In order to eliminate the polarization induced fluctuations, a polarization scrambler (PS) is used. The backscattered signal beat with the LO signal and detected by a photo detector (PD) and analyzed by vector network analyzer. In order to better understand the SBS nonlinearity of the sensing fiber, an experimental analysis has been performed. Figure 6 illustrates the measured peak Brillouin frequency power distribution along the 25 km fiber distance for different input pump powers. In the case of input pump power, 18 dBm (blue line in Figure 6 ), which is below the SBS critical power, it is possible to observe the exponential power distribution all along the fiber distance. However, as the pump power increases to 20 dBm (red line in Figure 6 ), the signal power decreasing rate is significantly faster than that of 18dBm case, which is due to pump depletion induced by the SBS nonlinearity. In this case, the pump power transfers most of its power to the Brillouin signal, as a result the Brillouin signal has a high gain at the starting of the fiber. The high gain at the starting of the fiber has nothing to do with the sensing range. Indeed, it should be the low gain after the 5km, which significantly affect the sensing range. Therefore, increasing the input pump power in the conventional BOTDR system above the certain nonlinear threshold cannot enhance the sensing performance. After the SBS, another nonlinear effect limiting the maximum pump power is modulation instability (MI). The MI or sideband instability leads to the generation of new sideband spectrums and eventually breakup the pump waveform into a train of pulses. The MI originates from the Kerr effect and anomalous dispersion within the fiber [11] . The MI is the main nonlinear parameter, which limits the maximum pump power in the BOTDA system, where the SBS nonlinearity is compensated by a counter-propagating continuous wave. Whereas, the SBS and MI are the critical nonlinear parameters, which limits the maximum pump power in the BOTDR system. Increasing the input pump power above the MI and SBS threshold, the sensing system performance degrades significantly. The signal-to-noise ratio (SNR) along the fiber distance determines the maximum sensing range. The measured Brillouin gain trace should be above the noise floor with a required SNR. In a standard BOTDR system, the SNR of the detected Brillouin signal determines the strain and temperature measurement accuracy at any given location. The typical sensing range of BOTDR system at a 1 m spatial resolution is 32 km [12] . Therefore, enhancing the SNR using distributed Raman and inline EDFA amplification, we can greatly enhance the SNR, thus higher sensing range more than 100 km. 
CONCLUSION
In conclusion, we have performed a simulation analysis for BOTDR system with hybrid amplification, which includes distributed Raman and inline EDFA. The proposed system is validated theoretically over a 150 km sensing fiber and experimental validations have been performed up to 25km for conventional BOTDR. With elaborate arrangement of different amplification components, the sensing range is predicted to be significantly extended via a full control over the signal amplification to maintain high signal-to-noise ratio in any region of the sensing fiber. The input pump power limitation is experimentally validated using different pump powers for a better understanding of the Brillouin trace profile induced by the nonlinear effects. Moreover, the Brillouin gain and phase spectrum profiles have been acquired over the sensing fiber, and the Brillouin phase measurement may open the new way to realize a reduced measurement time and improved measurement accuracy. The exploration of Brillouin phase measurement is a significant aspect to be explored in the future.
